Abstract. The aim of this paper is to present a rapid modeling method for micropumps, based on electrical analogies and equivalent networks. The different parts of a pump are modelled by means of lumped elements which are calculated using appropriate formulae. These elements are linked together to constitute a network which describes the entire electromechanical system. The networks built were implemented in an electrical simulation tool for rapid analysis. In the case of pneumatic actuation, the method was validated by a qualitative and quantitative comparison with results obtained by another method. The particular case of electrostatic actuation was also investigated, leading to the observation of specific features of this actuation mechanism.
Introduction
Microflow devices and systems which are developed by means of micromachining techniques are gaining more and more sophistication. Nowadays, many components like microchannels, diffusers, valves, pumps and flowmeters are common [1, 2] . Some of these components have been successfully combined to realize microfluidic systems such as flow regulated micropumps [3] , micromixers [4] and chemical analysing systems [5] .
Beside this important technological progress, an equivalent effort on modeling is needed. Due to the complexity of some devices one might surmise that there is a need for the development of modeling tools similar to those for more classical silicon devices. For example, in the case of micropumps, there are often strong interactions between fluid and structural elements like valves or membranes, which may also be coupled electrically or thermally to describe the actuation mechanism. The equations governing the behavior of these systems often have no analytical solutions, particularly if they include non-linear effects.
Zengerle and Richter [6] have reported a theoretical model for micropumps, based on a set of equations which have been solved with dedicated software. This model has been validated by measurements [7] . An alternative for the simulation of microflow systems consists of using numerical methods such as finite element modeling (FEM), which can be performed either by linking specialized software by means of interface programs [9] or by using software whose capabilities include at least fluidic and structural coupled analyses [8] . However, increasing the device complexity or decreasing the mesh size makes the method time-consuming, especially if coupled analyses become necessary. The simulation of a whole micropump is therefore very lengthy. To our knowledge, FEM methods have only been used to simulate valves. A third possibility is the use of bond-graphs which is a mathematical systemmodeling method based on energy and power relationships in lumped elements. This method has been used by Van der Pol et al [10] to model a thermopneumatic micropump.
Another way to model micropumps is by the electrical analogy method. This method consists of describing the system by a network of mechanical impedances, possibly nonlinear, and subsequently carrying out an analysis with an electrical simulation tool like SPICE. The electrical analogy method has been in use in acoustics for transducer modeling for a long time [11] . It has also been used by Swart and Nathan [12] and by Auerbach et al [13] to model flowmeters, and by Carmona et al [14] to model a thermopneumatic pump. In what follows, electrical networks are built for membrane micropumps with double check-valves. Pneumatic and electrostatic actuation mechanisms are successively considered (a similar reasoning can be invoked for other pump principles). Simulations are then performed and compared with results published by Zengerle and Richter [6] .
Building an electrical equivalent network
Building the equivalent network consists of a sub division of the complete device structure into lumped elements. Each element is then described on the basis of analogies between relevant physical parameters of the dominating phenomenon and electrical parameters. For example, when considering thermal phenomena, heat flow and temperature are analogous to electrical current and voltage respectively. Likewise, when considering fluidic and 
where F , v, m, α and k are respectively the force, velocity, mass, friction coefficient and stiffness. This equation can be rewritten in the following form:
where P , and S are respectively the pressure, flow-rate and area normal to flow direction. It is similar to that of an electrical series RLC circuit:
Matching terms of equations (2) and (3) gives the analogies of table 1. A complex fluidic device can then be modelled with an equivalent network by linking lumped elements in accordance to Kirshoff's laws adapted to mechanical and fluidic systems: flow conservation at any node of the network and the total pressure taken around any closed loop is zero. More details concerning the calculation of each lumped element follow.
Fluidic elements
Flow-pressure characteristics and mechanical impedances of microfluidic elements are mostly derived from the Navier-Stokes equations and convenient assumptions on the type of flow. However, Pfahler et al [15] have reported experimental results showing that a breakdown of the Navier-Stokes equations may occur at the micron scale.
In this study, we will not consider such size effects. The simplest configuration consists of a laminar flow through a long channel of small constant cross-section. In this case, viscous losses dominate and the Navier-Stokes equations reduce to a simplified form which leads to the Hagen-Poiseuille law. For a circular section of radius R, the mechanical impedance Z is given by:
where is the flow, p the pressure drop through the channel, l its length and η the fluid viscosity. The mechanical impedance appears as a resistance: R c .
Gravesen et al [1] have reviewed the flow pressure characteristics (sometimes nonlinear) in some configurations of flow types and element shapes, including orifices, channels with constant cross-section and diffusers. In many other configurations, individual elements cannot be directly calculated by simple analytical models. One can then resort to numerical calculations.
The dynamic study of a fluidic element needs to take into account inertia and compressibility effects. Assuming first that the fluid compressibility is negligible, the pressure drop due to inertia in a channel of constant cross-section and length l can be written as:
so we can define a self inductance as: L m = ρl/S to model inertia. Now, if we assume the fluid compressible, its elastic behavior can be deduced from the definition of the compressibility factor χ , which leads to the following pressure-flow relation:
so we can also define a capacitance as: C c = χlS. However, this elastic behavior is often negligible in fluids. When both viscous, inertial and elastic effects are taken into account, the fluidic element can be modeled with a series RLC circuit:
Structural elements
Elastic effects, and to some extent inertial effects, dominate the behavior of structural elements. Concerning the elastic effect, the corresponding impedance is derived from a loaddeflection relation of the following form:
where x is the average deflection, K the stiffness of the structural element and S its area. This equation can be rewritten as:
where φ is the flow due to the structural element motion: = d(S x )/dt. Then, the following capacitance describes the elastic behavior of structural elements:
Clamped membranes are the most widely encountered structural elements in micropumps. When taking into account large deflection effects, they generally show nonlinear behavior which is expressed by the following load-deflection relation in the case of a square shape [16] :
d is the thickness, a is the length of the side of the membrane, E is Young's modulus, ν is Poisson's ratio, and σ 0 is the built-in stress. For small deflections, the cubic term in x is negligible, so we can define the structural capacitance of the membrane as:
Valves
In the case of valves, there is a strong interaction between the movable structure and the surrounding fluid. They are consequently the most difficult components of the pump model. In a basic model, a valve can be considered as an element having two different linear mechanical impedances in the forward and reverse directions. In a more sophisticated model, one can consider a constant leakage in the reverse direction and a pressure-dependant fluid gap height in the forward direction, showing a nonlinear pressure-flow characteristic [14] :
where η is the fluid viscosity and α is a factor depending on the geometry and the stiffness of the valve. Finally, the pressure-flow characteristics of the valve can be obtained more precisely by means of FEM calculations.
Actuation elements
As an illustration of actuator implementation in an electrical equivalent network, we will consider the particular case of the electrostatic actuation mechanism. A similar argument could be used for thermopneumatic or piezoelectric actuators. Note that all these mechanisms are reversible, enabling reciprocal coupling. As shown in the next section, strong electromechanical coupling can be at the origin of specific behavior: for example, the curve shapes of inlet and outlet flows are not identical. Let us consider a variable capacitor consisting of two electrodes separated by a fluid gap height H . One electrode is constituted by a membrane and is able to deflect when submitted to a pressure of either pneumatic or electrostatic nature. When the capacitor is submitted to an AC voltage ν superimposed on a DC voltage V , the equations governing the system are:
p is the pressure applied to the membrane, S is its area. C m , p m and are, respectively, its mechanical capacitance, pressure drop and flow. Introducing the coupling element C coupl = SH/V , the pressure p can be rewritten as follows:
where C is the electrical capacitance of the condenser (C = S/H ). The electrostatic actuation can then be modeled by the circuit of figure 1. This circuit includes an analytical block which can also be represented by common analog components to simplify the simulation step. Figure 2 shows schematically the structure of a membrane micropump. It comprises two check valves, a diaphragm and inlet and outlet tubes. On the basis of the modeling method presented earlier, an equivalent network of this device was built. It is depicted in figure 3(a) . The resistors R c and the inductances Lc represent channels. The capacitor C m is equivalent to the membrane stiffness and finally, the diodes 'V ' represent specific valve characteristics. In the case of electrostatic actuation, the network is a combination of electrical and mechanical elements ( figure 3(b) ). The pneumatic pressure source of figure 3(a) is replaced by the circuit of figure 1 which models the electrostatic actuation mechanism of the membrane as described in section 2.4. 
Simulation results on membrane micropumps

Equivalent network of micropumps
Simulation results
Figures 4 to 7 show simulation results for flow-rates and pressure inside the pump chamber. Our simulation results were validated indirectly by comparison with those given by another simulation method under the same conditions. This method has been presented by Zengerle and Richter [6] and validated by measurements. Figures 4 and 5 show comparisons between results presented in reference [6] and those obtained with our method in the same configuration (pneumatic actuation). The simulation parameters are summarized in the first conditions of table 2. We can see in these figures that the curve shapes are identical. In particular, as shown in figure 4(b) we find similar oscillations occurring at different frequencies between the pump mode and the supply mode as in [6] ( figure 4(a) ), and which are typical of the coupling between valves and the surrounding fluid. Beside this qualitative aspect, there is also good quantitative agreement. This was expected, since the equations used in the two methods are similar. We only used a practical simulation tool to quickly describe the problem and obtain solutions. The slight differences between the results presented in figures 4 and 5 are attributed to our representation of the transition between forward and backward modes in the valves. This transition is made by means of nonideal switches which introduce parasitic impedances. The use of standard electrical tools for the simulation of a microflow device may be limited in some situations. For example, a micropump simulation with finest valve modeling would require a voltage-controlled capacitor which necessitates the use of an adapted tool with a special library, or the development of dedicated software [6] .
For all other conditions in table 2, membrane actuation is electrostatic and we have chosen dimensions which are compatible with a microelectronic fabrication process. For the second set of parameters (conditions 2), we have taken a voltage of 10 V and found the same curve behavior as for pneumatic actuation. In the third configuration (conditions 3), the excitation voltage was increased to 24 V. The corresponding results are shown in figure 6 . Because of the increased electromechanical coupling, the pressure is not symmetrical in the supply and pumping cycles ( figure 6(a) ). This is also in agreement with results of Zengerle and Richter [6] . We also note that the behavior of inlet and outlet flows are not identical (figures 6(b) and 6(c)) but the average value of inlet and outlet flows remains the same. The aspects of these flows are also different from those of pneumatic actuation (figure 4). In the fourth configuration (conditions 4), the excitation voltage has been increased to 26,8 V. The corresponding results (figure 7) demonstrate that the curve distortion becomes more pronounced. For higher voltages, the simulation does not converge anymore, in agreement with the existence of a working voltage limit. The pump becomes unstable as the collapse voltage is reached. It is interesting to note that we have obtained a voltage limit in good agreement with the static collapse voltage (23.7 V) of a variable condenser of the same size.
Notice that for all the chosen conditions of electrostatic actuation, the maximum pump chamber pressure does not exceed 600 Pa (figures 6 and 7). There are theoretically many configurations (fluid gap height H , membrane area S and applied voltage U = v + V ) which give pump chamber pressures as high as for the pneumatic actuation example, i.e. 2 × 10 4 Pa, but very high voltages and very small fluid gaps are then needed. For example, an equivalent pressure 
Conclusion
An easy method for the simulation of micropumps has been presented. This method has been validated in the case of pneumatic actuation by both qualitative and quantitative comparisons with the results obtained by another method, and has also been applied to the case of electrostatic actuation. The method is applicable to other actuation mechanisms and other fluidic systems.
Describing fluidic systems with equivalent networks appears to be a powerful method. It is very simple and there are practically no limitations on the number of elements used. Complex systems can therefore be rapidly described and analysed. As a counterpart, all the impedances of these elements must be calculated beforehand, by means of the equations of the dominating physical phenomena. Some of these impedances cannot be calculated analytically. One can then resort to FEM calculations to extract their flowpressure characteristics. 
